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FOREWORD

This report has been prepared by Hughes Tool Company - Aircraft Division
under USAF Contract AF 33(600)-30271 "Hot Cyole Pressure Jet Rotor System",
D/A Project Number $-38-01-000, Subtask 616,

The Hot Cyole Pressure Jet Rotor System is based on a prinoiple wherein
the exhaust gases from high pressure ratio turbojet engine(s) located in the
fuselage are ducted through the roter hub and blades and are exheusted through
a nozzle at the blade tip. Foroces thus produced drive the rotore.

Summarized herein are the analyses and tests relating to determination
of duoct losses, nozzle cocefficients and similar data used in analyzing the
efficienocies of the Hot Cycle System. This report is in partial fulfillment

of Item 6C, covering Component and Assembly Tests performed under Item 6a (4)

and 7a of the contract.

Report 285-9-7 (61-79) i
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ABSTRACT

This report provides an aerothermal survey (test and analysis) of the
Hot Cyole whirl test system under static conditions and includes a tether
test, hub ocooling test, and J57 gas generator calibration. BEmphasis is
placed on ocorrelation of test data with earlier derived values used in per=-

formance prediotions. In general, agreement between prediocted and measured

values of duot losses, nozzle ocefficlents and tip thrust was realized. Most

signifioant, the tip nozzle effeotive velooity coefficient, directly propor-
tional to tip thrust, was measursd to be 0.98, 2.54 better than predicted.
Hub ocooling is shown to be satisfastory and no overtemperaturing of hub or
spar ocomponents has been enoountered. The normal engine operating line,
inoluding turbine discharge pressure and temperature versus high pressure
oompressor rpm, has been established. Also, exhaust valve controlled "off-
line" turbine disoharge temperatures have proven to be sufficient to meet

contractual requirements.

Report 285-9-7 (61=79)
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I. INTRODUCTION

The Hot Cyole Helicopter whirl test installation is shown in Figure 1
and internal views of the ocontrol van are presented in Figure 2. To determine

the thrust, pressure loss, and temperature ocharacteristios of the primary and

20-0-<-0 41»202-)»

secondary flow oircuits of the rotor system, as well as the effect of exhaust
dump valve position on the Pratt end Whitney J57 engine's performence, a
number of tests were performed as follows:
a. Tether Test - The rotor was attaohed to a fixed jig by & cable on
whioh a tension load cell was attached. Flow was allowed in one blade
only by sealing the remaining two. Celibrated strains in the load cell
then permitted a direot measurement of the thrust of one blade. This
eleotro-meohaniocal measurement ocoupled with flow, pressure, and temp-
erature measurements provided the required data to determine tip nozzle
ooofficients. The flow measurements allowed a oheck on the suitability
of the provided flow instrumentation and the pressure end teuperaturs
measurements gave a check on pressure and temperature losses in some
duot components.
b. Hub Cgoling Cirouit Calibration - With the blades non-rotating, ducts
were attached to the exhaust ports of the hub cooling oircuit to simulate
the centrifugelly pumped cooling air by artifiocial suction. Through this
simulation, the hub cooling oircuit was calibrated to determine whether the
cooling passages were appropriately sized.
O J57 Engine Performance ~ With the vertioal duct valve closed, the J57
was operated at military power with the exhaust dump valve in a number of
positions to determine the effect of this latter valve on the J57's exhaust

temperature and pressure. This was done in order to ascertain whether the

Report 285-9-7 (61-79) 1
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Figure 2,a. Internal View of Control Van-Engine and Rotor Controls
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J67 could suitably approximate the exhaust conditions of the Hot Cyole
design (based on the General Eleotric T64 engine) by operation nearer
to the J57 stall line.

This report provides test results and accompenying analyses to determine

20-0-<-0 41»203-)

the "as built" aerothermal paremeters of the hot cyole system. Disoussed
also, is the oonneotion of these parameters to test conditions studied and

to setup limitations.

Report 28597 (61-79) 5
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2. PRIMARY DUCT PRESSURE LOSS CHARACT:RISTICS
The tether test data of Sections 3 and 4 provide pressure losses of the
primary flow system. Total pressure was measured at the following stations:

a. Ambient (P,)

20-0-<-0 41>3070->

b. Turbine discharge (Pt.?)
c. Flow measuring stations in Branches I and II (Ptrs)I and II
d. Hub; below rotating seal in each branch (Pthub):[ and II

e. Nozzle inlet in each duct of one blade (Py )
nozz LE and TE

From Table 3, comparison of Columns 16 and 17 or 19 and 20 shows that the

flow rates in the two stack branches are approximately 3:1 (Branch II:Branch I).
i3 18 Adue to the relative position of the tested blade to the whirl stand.

The two stack ducts Joln at the hub to provide a flow cross section which is
an annulus split into two 180° segments (Figure 3). The three blades Join at
the hut and form an annular flow cross section which is divided into three 120°
segments. These two sets of segments are coupled at the rotating seal and had a
relative position of blades to the stand (stack ducts) as in Figure 3 thereby
favoring flow from Branch II.

Table I provides the loss characteristics of the ducts for the first nine
runs of the tether test runs for which all instruments were installed and
operating. Although the value of R, ¥ , Streamwise temperature ratlos and

mixing losses are not constant for each of these runs due to variable water

SETSS
PT7
pressure loss from the turbine discharge plane (Pt7) to the hub stations is of

injection, the pressure loss ratiecs ( are quite uniform. The

the order of 6 to T%. This is in good agreement with previous estimates

although the flow for the tether test was to one blade instead of three. Agree-

ment was found in spite of the apparent discrepancy in flow rates between design

Report 285-9-7 (61-79) 5
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and test because the flow through one branch was three times as great as
the other as sexplained earlier. Future whirl test date will provide more
realistic flow rates and a ocloser cheok on predictions.

A ocomparison of Columns 9 and 11 (Table 1) indiocates virtually no pressure

Z0-0-<~0 47»303-)»

loss between the flow measuring and hub stations of Branch I. This is caused
by the low flow rates in that branch ylelding pressure differentials below

the acouraoy of the instrumentation. The losses betweeen the hub station and
the nozzle inlet plane are of the order of 141 Pt7 (average of Columns 13 and 14
minus average of 1l and 12), somewhat higher than the 10 to 121 expeoted for
flow to three static blades. This is due to diverting the flow to one blade
(area and direotion change from design), and to the relative position of the

tested blade and whirl stand as desoribed earlier.

Report 285-9-7 (61-79) 8
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3. ROTOR TIP THRUST
Rotor tip thrust wes measured as a funoction of turbine discharge pressure
and corresponding engine operating line temperatures up to 770°F without water

injention for cooling. For higher pressures resulting in higher turbine discharge

20-0-<-0 4n>303->

temperatures, water injection was employed to maintain blade temperatures below
800°F.

Blooking the flow to two of the three blades enabled a study of the tip
thrust characteristios of & single blade. Although compromises,such as one
feeder stack being under-fed,and high hub pressure losses resulted, the utiliza-
tion of a single blade simplified the artificial skin cooling requirements (water
spray) and effectively reduced the data analysis to one-third.

The tested blade was tethered as in Figure 4, the tension load cell being
90° to the blade at Station 320R. Nozzle instrumentation as discussed in Section
4 was installed for Runs 1 through 22 of Table 2 and were removed for Runs 23
through 27 to determine whether the instrument leadsyhaving been direocted through
the cascade,had affected the thrust. Pertinent thrust and flow data is included
in that table.

A comparison of the instrument blookage effect on rotor thrust as a function
of turbins discharge pressure is presented in Figure 5. In the choked range, the
uninstrumented runs provide approximately 4% more thrust.

The maximum thrust recorded was 702 1lb. per blade. This value, in presence of the
amplified duct losses, is lower than the maximum predicted for normal flow conditions,
but compares quite favorably with the thrust computed assuming similar temperature

and pressure ratio.

Report 285-9-7 (61-79) 9
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TABLE 2
TIP NOZZLE THRUST AND FLOW DATA FOR TETHER TEST
Leading Fdge Trailing Edge
Duet Duct

1 2 3 L 5 6 N 7 8 9 10 1 12 13

Run P T P . * b Ty W P T W w
ty tq b Yes tnozz Ynozz  nozz  Pmax  nozz mozz B0 Ts

nozz

# psia ©F psia  OF psia oF #/sec  psia  OF Jf/sec #/eec #
1 22.20 688 20.81 558 18.86 558 h.06 19.33 558 L.h2 0 205
2 2h,01 782 22.64 632 20.20 630 h.hé6 20.81 635 4.83 0 293
3 26.21 850 2h.57 720 21.59 T20 3.93 22,28 720 5.07 0 353
h 27.71 910 26.16 T70 22,85 T70 5.38 23.63 T70 5.13 0 ko8
5 29.21 950 27.h1 €05 23.95 600 6.15 24,74 610 6.32 1.02 468
6 31.61 1035 29.5h4 602 25,87 600 6.52 26.60 605 6.93 1.08 553
7 33.71 1025 31.55 608 27.42 608 €.55 28.26 608 7T7.63 1.11 607
8 34,41 1060 32.49 610 28.38 612 T.49 29.15 608 T.78 1.26 646
9 34.61 1120 32.h49 690 28.37 690 T.20 29,21 690 T.h3 1,08 663
10 32,19 995 26.01 670 3 26.89 660 1.00 592
11 29,44 930 22,96 665 23.90 665 0.98 530
12 3Lh.34% 1090 26.48 690 27.b7 690 1.05 673
13 34.58 1100 32.53 157 26.58 T30 27.81 733 1.02 683
1 3%.58 1090 3247 805 26.62 T75 27.85 T80 0.98 684
15 31.ko 1025 24 .02 755 25.15 T55 0.98 594
16 31.k9 1025 24,22 720 25.27 T20 1.00 593
| 17 31.h49 1035 2h b7 690 25.54 690 1.02 585
| 18  30.06 955 2k.37 675 25.25 680 0.99 549
| 19 30.31 960 24.56 720 25.%0 720 1t shg
20 30.b0 965 24,56 165 25.59 765 Ht SLs
21 27.75 880 22,h2 675 23.28 675 T ks9
22 27.75 880 22,40 710 . 23.28 T10 nr Lé2
23 34.23 1100 32.20 799 *e . 0.99 695
24 34.h2 1100 32.4% 751 1.30 693
25 34.37 1100 32.39 688 1,10 696
26 3k.62 1100 32.63 603 1.25 702
27 25.83 900 24,22 Tho 0 ki

*

The subscript f£s. pertains to the flow measuring station where Tt.f -4 Tth ub
(mass weighted). o

Note that the values of Colums T and 10 are sometimes greater than 5,indicating
blade temperature losses smaller than instrument accuracy.

i Nozzle instrumentation removed for these runs.

*¥%%  Static pressure probe began to leak and provided erroneous data.

+ Max. corresponds to maximum velocity at duct center.

1t Wio0 total cooling water injection rate. This value is included in the sum
of 8 and 11. o

4+ Vater flow rates were below calibration reliability (0.98 #/sec) of the flow

meter.

Report 285-9-7 (61-79) 17
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4. NOZZLE PARAMETERS

The tether test partially desoribed in Seotion 3 provided data to establish
nozzle coefficients, thereby allowving & cheock on previous estimates. Pressure
and temperature instrumentation (Pt’ P and Tt) was provided in the leading and
trailing edge primary flow ducts of the blade tested (Figure 6). The position
of these instruments was 2 to 3 hydraulio diameters upstream of the nozzle inlet
and it is eassumed herein that the loss in total pressure and temperature was
negligible between the plane of measurement and the nozzle inlet.

Total pressure probes were ocentered in eash duot to establish the maximum
velooity head, and the method established in Section 10 was used to determine flow
rate and mass - weighted nozzle inlet total pressure. The ocenter of pressure for
the nozzle exhaust was estimated to be at Station 329.5 R.

Only a few test runs provided adequate data required to determine nozzle
parameters. For the reason described in Section 3, nozzle instrumentation was
installed for Runs 1 through 22 and was removed for Runs 23 - 27. During Run 10,
the leading edge duct nozzle inlet static pressure probe began leaking. Runs were
continued at high turbine disoharge pressure values since for nogzzle ohoked ocondi-
tions, & knowledge of nozzle inlet total pressure and a previous fix on nozzle inlet
Mach number establishes the flow rate when changed R,zg, and area effects are
negligible. During the analysis, for Runs 10 through 24 and 27 it was found that
although the total pressure at the oenter of the duct indiocated a nozzle pressure
ratio above the choked value in many cases, the mass weighted mean total pressure
was inadequate for choking in any of these runs. The unochoked oondition then does
not provide a constant nozzle inlet Maoh number and thus the P values are
insufficient to determine flow rate. It was found that the lownzz:al pressure values

at the nozzle were due to high duct losses as explained in Section 2.

Report 285.9-7 (61-79) 13
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A seoond cheock on the flow rates is afforded by the values determined at
the stack flow measuring stations discussed in Section 10, The flow rates de-

termined from these stations ocould have been used to estimate the blade flow

Z20-0-<-0 4n>103-»

rates but since Runs 10 through 24 plus 27 provided unochoked nozzle conditions,

it wes decided that the results of data analysis of these runs would not sig-
nificantly add to the over-all picture. However, an attempt to use flow measuring
station data was made in order to establish the nozzle coeffiocients for the

ohoked runs (25 and 26). The effective velooity coefficients resulting were
unbelievably high and are thus not presented. This discrepancy is attributed

to the effect of nozzle area change (instrument lead removal) on estimated inlet
Maoch number.

For the previous runs (1 through 9), there were seven unchoked and two
choked cases for which redundant data at the flow measuring and nozzle inlet
stations were taken. This, then, provides flow data measured at stations in
series and establishes the adequacy of using Nikuradse's data (Reference 1)
to measure tho flow at the two parallel staok flow measuring stations as acocom-
plished in Section 10. Except for Run 3 (Table 3, Column 34) which indicated
an error of + 18.6% between the flow station measured rates and nozzle inlet
station measured rates, the maximum flow measurement error for the other runs
was

Flow Meas. Stat. Flow - Nozz. Stat. Flow
Flow Meas. Stat. Flow

4 error = X 100 =10.8%

while for the two insitrumented choked runs the maximum error was + 2.4% (based
on lst iteration, see Section 10.1).

In order to correlate the data to provide the coefficient corrections
due ﬁo instrument blockage & plot of thrust with and without instrumentation

must be 'analyzed. A study of Figure 5 indicates that in the choked region,

Report 285-9-7 (61-79) 15
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s

the thrust inorease without blookage was approximately 25 1lbs. The percentage
of thrust inorease varies from about 4% in the choked region to more than 20%

at low turbine discharge pressure. Since instrumented and uninstrumented

runs are comparsd on the plot at identicel gas generator and duot oondition%

the inorease in gross thrust (A Fg) in terms of percent corresponds to identioal
inorease in thrust coefficient (A Cf). In this manner the relation between
thrust coeffiocient as a function of NPR for uninstrumented runs ocan be estab-
lished as shown in Figure 7b. To determine velooity and flow coefficients in
similar terms a relation from Seotion 1l is used:

cf-cvfxcw’ (1)

and

(C, +80C,) =(C . +8C,) (c, +ac)). (2)
It is seen that the percentage effect of A Cf caused by cvf and A Cw can
be found only if the relationships between A cvf and A Cw are known. The
data taken during the tether test does not provide this relationship. However,
since the change in flow coefficient (A CW) is direotly affeoted by the flow
rate while the effective velocity coefficient is affected by the square root
of the flow rate, only slight error is involved when assuming

A Cw =2 A C.p* (3)
Equation (3), then, provides the additiénal relationship enabling a solution
of Equation (2). However, the function of C,e Vs NPR for uninstrumented runs
can be determined in two slightly different ways. First, by correcting the

second iteration at one point in the choked region where the funotion Cvf

is almost constant, and, completing the curve graphioally using the existing

Report 285-9-7 (61-79)
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plot as a guide. For this purpose, in the following caloulations the choke
point at NPR = 1.86, was selected.

The other solution is obtained by applying Equations (2) and (3) over

20-0-<-0 4n»203-»

the entire range of NPR, The redundant plot ocan serve as means of oheoking the
relationship between all three parameters. Originally, the first approach
was used to establish the velooity coefficient (recommended) on Figure 7a,
then from Equation (1) C, (recommended) was determinod on Figure 7o. Com-
paring the two figures it oan be seen that ACw = 2ACvf which means that the
results from two methods coinocide with good acouracy. Incidentelly the
recommended velocity coefficient cvf is in olosp agreement with the results
of many investigations made in this field. Generally, the velocity coefficient
is not muoh affected by different nozzle shapes, methods of contraction or
changes in convergence angle.

Following the first approach at NFR = 1.86, from Figure 7e, 7b and 7o
at NPR = 1,86

Cc, = 0.888, AC, = 0,031

f £
Cvf = 0,968
w
Substitution in equation (2) yields
(0.888 + 0.,031) = (0.968 + A cvf) (0,919 + 2 A cvf)
from which

ACvf=0.01

This ocorreotion was applied to the second iteration value (measured
ooefficients for blooked nozzle) of Figure 7 at NPR = 1.86 to provide the

recommended nozzle coefficient.

Report 285-9-7 (61-79) 16




T 8 ey D pans fL T :f% RS0y Doany eGPy - ERERS B e RRE 2o
@ 2 alFs -naks plarslburs Enyatngne e 3 4 '
TR f P T Fy Py st bantl pe T4 | A 12208 . - H

s b by sy wiud lanad Ll =t B [ . T 3l - S
S ET: 5 = e e o - : gt |

=y 4 ;

Bl

= e T e e
il “ e
[ ; N m
_r el T N
" o Lo}
] e = T - ‘ i M
e = = ; e T S
itz 6 s i i
' fradis BE ; , iy |
=t =13 [ i i t
E o ld ] | B A0 O | DR [
E . ) o]l o ) .ﬂ.
002 o s el e i e =

17

-9-7 (61-79)

Report 285

NS NN e

11-65€

02 41553 ®A2iNn3
HDON! 2, IHLOL Ol XCL

= oy

S




=

b

SR B bt I N

e

g

L0 LA L

e

11-6SE

HONI 2, 3H. OLGL X O

QI M3I=53 %5 4N3N

==

’s

18

Report 285-9-T7 (61-79)




%

amn

e e A SR e i o] sty e R Tt
|

X
o

i_;

i

“

L 110 2)

S S 4

\
- =
: ‘ : sl ey
3 P [T s T TS ' S
T T 5 . § st — —= —1 e e
- tig e 4L - . 4 4 > -
s 1 O 1 ST o 2 ey el il o Y A | -
4 n " B 1 e ™ ¥ N N X*.I - ‘mv.l b u
¢ 3 i Y T a3 i. o t LY i i ”
SEY - - + ; t +
-~ PR — - 1{ —

Report 285-9-7 (61-79)

-
. Cal=
L

|- L% gl o vy o N .. t
s ik i e Bkl iy by i AF ewa Lol Plids oSG LIS

~ L ‘0D 3553 W 134103
L1°6GE  HONIZ; FHLOLOU X Ol

19




N : HUGHES TOOL COMPANY @

From Figures Ta, b, and c, which correspond to a non-rotating blade, it is
seen that the effect of nozzle pressure ratio on nozzle coefficients diminishes
with increasing pressure ratio. In fact, at pressure ratios above 2, the coeffic-

ients are virtually unchanged. For a whirling blade and similar engine conditions,

Z0-0-<-0 4m»>3020-)»

the major blade centrifugal pumping effect is a higher nozzle pressure ratio than
those measured statically and therefore corresponds to nozzle coefficients at a
level indicated by the dashed lines in Figure 7.

Two additional causes produce higher nozzle pressure ratios than those
measured statically. First, the maximum engine pressure. ratio of the T6h4
(engine for flight system) is 2.8 versus 2.5 for the whirl test J57 engine; and
second, the whirling aerodynamically loaded rotor produces a tip vortex which
lowers the local external back pressure causing a higher nozzle pressure ratio
than if the whirling blade were unloaded (i.e. no tip vortex due to 1lift).
Ali of these effects produce higher nozzle pressure ratios in & region where

the effect of pressure ratio on nozzle coefficients is small,

Report 285-9-7 (61-79) e 1;2;
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5. HUB COOLING PATH FLOW CHARACTERISTICS
The hub area 1s cooled by induced ailr flow due to centrifugal pumping
(Figure 8). To determine the adequacy of the ejection ports and to ascertain the
pressure loss characteristics of this path as a function of flow rate, ducts were

connected to the exhaust ports (Figure 9) and a blower was provided to suck air

20-0-<-0 47>303-)

through the hub circuit. The pressure loss was measured from amblent to a station
several dilameters forward of flow measuring orifices (Figure 10). With the ducts
disconnected from the blade while maintaining the same flexible duct shapes, the
pressure loss from ambient to the same station forward of the orifice was measured.
The difference between the two pressure drops corrected by deviations from the
flight flow circult then provided the pressure loss of the hub path as a function
of flow rate. This pressure loss when balanced with the centrifugal pressure rise
establishes the hub circuit flow rate as a function of rotor rpm or tip speed.

Extrapolation of the flow data for rates in excess of 0.4 1b/sec was necess
sary due to blower limitations. For flow rates below this wvalue, the data pro-
vided APy /q ve w values which were sufficiently constant to allow extrapolation.

For incompressible flow, the rate of change of momentum of & mass segment
due to centrifugal forces is (Reference 2) )

pvav = Vszrdr‘ (1)

-

Over the radial length (rp - ry) of the circuit, Equation (1) integrates to

2 2 2
92 - 4 = P VT r, =-r )

With an atmospherilc intake and exhaust

Pamb =Py = F1 * @ (3)
Thus, from Equations (3),
APy, = Py, =Py = Papptdp-Pp-@ = az (4)

Report 285-9-7 (61-79) 20
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A

'

R

=4

and combining Equations (2) and (4) N
[~}

- T

4 Py =q + va' (rzz_'rlz) (5) ?
cf 2 g L2 . v

1

S

]

o

N

Now, since the hub circuit inflow 1s near the rotor axis, ry X 0 and due

to the large inlet area q; R 0. For the hub then,Equation (5) simplifies to

2 2 2
8Py P Ve ore® T2 VTS a4 . (6)
f 2g L2 288 g L°R ® 519

The air is exhausted through five ports of varying area at different
radli from the hub centerline. The mass flow through a number of exhaust holes

can be represented by

—
Pn VT2 r 2

Yot T Z wy = I Cg A/ T2 . (7)
2glL

Agsuming the discharge coefficient Cy to be equal for each exhaust port and assuming
incompressible flow, Equation (7) may be written as
pVv=2p2 T ¢ A

T “eff _ n d, n
2 gl?

Vot = Cq Atot

from which an effective radius based on total discharge area may be defined as
b
Toee = n in ™n (9)
tot

Substituting this value of r___ for r, in Equation (6) and utilizing the test

eff
data previously described results in the nomographic plot of A P.p v8 VT /5 and

A Ptsm (statically measured) vs ws_\/_? as presented in Figure 11. Fmis
figure, the hub cooling flow rate as a function of altitude ambient conditions

and rotor tip velocity is quickly ascertained. For sea-level standard-day conditions,
it is seen that the required flow rate of approximately 1 lb/sec per blade as

assumed in previous thermal analyses is achieved.

Report 285-9-7 (61-79) 2y
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€. GAS GENERATOR INSTALIATION AND OPERATING CHARACTERISTICS

The J57-P-19W turbojet engine was selected as the whirl test gas generator
8ince it is the most reliasble engine currently avallable that suitably approx-
imetes the turbine discharge conditions of the T6h engine proposed for the Hot
Cycle Helicopter. The large differences in air flow between these eng_ines is
accommodated by dumping approximately 60% of the J5T7 exhaust gas through a butterfly
valve which also serves as a means of varying the enginé c;pera.ting 1line to
achieve planned test conditions.

6.1 Installation

The J57 is installed at the base of the whirl test stand as shown in Figure
12. The reversibllity of the engine mounting structure facilitated the imnitial
power plant operation for famlliarizatlion and gas generator calibration with the
standard turbojet nozzle. Approximately one~third of the hot ges from the J57
is removed from the main exhaust duct and directed into the rotor blades through
a vertical duct system in wvhich the gas temperature and pressure distribution
i1s accurately measured. The unused engine exhaust is ducted aft where a butterfly
dump valve controls the pressure within the system,

Normal installastion practices are adhered to as detailed in Reference 3.
While the whirl test engine installation is considered to be such that suffilcient
external engine cooling could be obtained for normal engine operation, temperature
sensors of prototype installation type (Reference 3) are utilized due to proJjected
operation above the normal engine operating line.

During the planned series of tests, considersble operation is to be conducted
‘at very low engine power settings, especially during the initial whirl testz. The
engine fuel flow which normally scts as the means of removing heat from the engine

oil is not great enough to avold over<temperature of the o0il during prolonged

Report 285-9-7 (61-79) 26
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operation of this type. For this reason, a pair of hydraulically driven engine
oil-to-air coolers is utilized (Figure 12).
Engine throttle control is maintained from the mobile control van by a

hydraulic servomechanism located on the blade collective pitch stick. Emergency

20-0-<-0 4m»303-)

throttle cut-off 1is available instantly through the use of a hydraulic
accumulator which discharges high pressure fluid into the throttle servo when
electrically actuated.

6.2 1Initial Operation and Calibration

The first engine operation was conducted on May 17, 1961 in the presence of
Pratt and Whitney Service Corporation personnel. Operator familiarization was
completed at that time.

The engine calibration was conducted to determine the normal engine operating
line with the standard Jet nozzle. This was done to avoid deviations from
normal engine operation during transients when the J57 gas generator 1s connected
to the Hot Cycle test system. Figure 13 shows the engline installed in the
calibration position with the direction of flow reversed 180° from the normal
whirl test position.

Complete engine operation data were obtained and all externasl temperatures
were monitored. The results of the engine calibration are shown in Figures 1h
through 16 where turbine discharge total temperature, total pressure, and fuel flow
are shown as functions of high pressure compressor rpm., The humidity correction
for fuel flow is presented in Figure 17. Figure 18 which indicates the veriation
of turbine discharge pressure with temperature for both the J57 and T6h4, provides
a comperison of the relative performance capabilities of the test and flight gas
generators.

Since the high power operation of the J57 is limited by engine pressure and

rpm, the maximum temperature, Tt7, obtzined during on-line operation was 1036°F.

Report 285-9-7 (61-79) 28
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As stated earlier, however, the dump valve does provide for controlled off-line
operation to achieve the required temperatures at less than maximum rpm without
oxceeding the engine pressure ratio limits of Reference 4.

Following the engine calibration, the J57 was installed with the Jjet nozzle
removed and the turbine casing mated directly to the whirl test duct as shown in
Figure 12, With the upper butterfly valve closed to avoid flow through the
then installed rotor blades, a series of engine runs were made to determine
the off-line exhaust gas temperature capabilities and the sensitivity of the
engine to sudden transients initiated by rapid dump valve movement.

The variation of Tt7 with Pt7 is shown in Figure 18 for off-line operation
at consta:r . N2. This operation was conducted above the normal operating line
therely resulting in lower than normal low pressure compressor speeds indiocating
a decrease in airflow due to the smaller flow area at the choked valve. Again,
noting Figure 18, it is seen that the maximum turbine discharge temperature
attained was 1160°F at maximum engine pressure retio. It should be noted that
this turbine discharge temperature is not considered to be the meximum obtainable.

since operation closer to the compressor stall line would yield a higher tempera-

ture but would possibly result in non-destructive compressor instability.

6.3 System Tests

There have bsen no engine diffiéhlties encountered which have caused delays.
However, a discrepancy was found between the exhaust gas temperature as measured
at the turbine discharge by the engine furnished thermocouple assembly and the
temperatures indicated by the flow measuring station instrumentation. This

deviation is shown in Figure 19 for a limited range of temperaturs.

Report 285-9-7 (61-79) 36
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7. SUMMARY

This report covers the analyses and experimental findings of stetic tests of inter~

nal flow channels of the Hot Cyole system. Pertinent results are as follows:

a. Maximum thrust recorded was 702 1lb/blade (9.6% water injection,

Z20-0-<-0 41»203-)»

T, A< 730°F) whioh was consistent with the prevailing nozzle pressure
nozz

ratio and gas temperature.

b. Test derived values of the tip nozzle coefficients substantiate those
which were predioted and used in past performance enalyses. The previously
assumed effeoctive velooity coefficient of 0.955 and flow coefficient of 0.96
were repeatedly achieved or esxceeded in the near choked and choked nozzle
flow ranges. At nozzle pressure ratios above 1l.75 the effeoctive velooity oo~
effiocient (Cvf) was found to be 0.98, and the flow coefficient (Cw) wes found
to be inoreasing from 0.935 at NPR = 1.86 to 0.98 at NPR = 2.2. Figure 7
shows the recommended values of all ocoeffioients.

G Primary duot pressure loss characteristios are essentially in agreement
with predictions. This report covers the test period up through the tether
test. Through that time, only that test provided edequately high flow rates
to estimate duct losses. Unfortunately, this test provided a 3:1 unbalance
of flow in the two parallel stacks. This notwithstanding, agreement between
analyses and tests was observed for the staok duots. The use of a single blade
for thrust measurement yielded large vressure losses in the hub by causing flow
mel-distributions (amplified secondary flow). The estimated turning losses in
the hub were of the order of 47 Pt which is approximately 3001 greater than

7
the full socale model tested value (3 blades) of Reference 6 which is more realistis.

Report 285-9-7 (61-79) 38
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de. The pressure loss and centrifugal pumping charsoteristics of the hub
cooling oircuit were ascertained. Statically tested pressure losses when com-

pared with caloulated centrifugal pressure pumping capability of the hub eirouit

20-0-<-0 41»302-)

indiocate that the provided blade cooling air ejeotion ports are adequate. For
whirl tests at 800°F and 507 design rpm, there has been no problem with hub
or spar cooling. A detailed temperature survey of the blade and hub is oon-

tained in Referenoce 9.

Be No problems with engine function have evolved. Turbine discharge
temperature in excess of 1160°F and engine pressure ratios of 2.48 have been

aohieved.

f. The flow data analysis proocedures have been established. Installed
test instrumentation has proven satisfactory to allow correlation of analysis

and test. Partioularly, redundant data have yielded enocouragingly similar results.

Report 285-9-7 (61-79) 38a
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9. NOMENCLATURE ::
L=
D
Symbols \:/
Area ?
51

Discharge coefficient; ratio of actual to ideal discharge; term generally
agssoolated with inoompressible flow; equals the flow coefficient
Thrust ocoefficient; retio of actual to ideal thrust

Effeotive veloocity coefficient; ratio of effective velocity assuming
complete isentropio expansion to ideal fully expanded velooity

Flow coefficient; ratio of amctual to ideal flow

Specific heat at constent pressure

Engine pressure ratio

Thrust

Acceleration due to gravity

Static enthalpy

Mechanical equivalent of heat

Rotor length; distance frou:ﬁz to nominal center of nozzle: 320 in.
Mach number

Low pressure compressor % speed

High pressure compressor % speed

Nozzle pressure ratio based on mass weighted nozzlse inlet total pressure
Pressure; no subsoript for static values

Lower heating value of JP-4 fuel; 18,400 Btu/lb

Dynemioc head (incompressible)

Gas oconstant

Radius or radial station

Report 285-9-7 (61-79) 40
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T Temperature; no subsoript for static values
Vf Rotor Tip Velooity based on 320 in. radius
v Velooity

w Flow rate

# Pounds

Ratio of speocifioc heats
Differentail
Pressure parameter; equals P/14.7

Effioiency

© .3 o o>

Temperature parameter; equals T/519

Density

el
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9.2

aot

amb

avg

of

d,e,f

edge

eff

oil

fs

hub

Superscripts

Mass weighted values

Sonic conditions

Subseripts

Alr

Actual or physical value

Ambient

Average

Burner

Pertains to centrifugal force

Station designatioms for Section. 1l

HUGHES TOOL COMPANY @
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Total pressure probe location near wall to pick up "near" boundary layer

effects

Effective

Engine lubricating oil

Fuel

Flow measuring station in parallel stacks

Gross or gas

Hub station below rotating seal

Report 285-9-7 (61-79)
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( )ys Isentropic
1B Blade leading edge duct

max Maximum; velues along duct centerline

20-0-<~0 4)»303->

n Summation digit

nozz Nozzle inlet plane

sm Statically measured value (blade tethered)
TE Blade trailing edge duct

t Total or stagnation

tot Total or sum

A Wall

0 Free stream

1,2 General radial station designatioms in Section 5

2 Compressor inlet station
7 Turbine discharge station
I Branch I from Figure 1

11 Branch II from Figure 1
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10, APPENDIX I; FLOW DATA ANALYSIS

This section established the procedures for flow dates analysis used in this
report. Resulting engine and flow parameters for the tether test are given in
Table 3. Note: The dimensions inoluded in this table ares those directly read
from the instruments or are in enginesring absolute quantities to aid quick
\oaloul&tions of other values not direotly presented herein.

The use of Nikuradse's date (Reference 1) to determine flow rate affords
e simplifioation and reduces the data analysis effort (See Seoction 10.2).
However, while the velooity profiles are suitably developed at the nozzle inlet
station (lead=-in duct is straight and has a large length to diameter ratio),

a cheok was made to determine the adequacy of this method at the flow measuring
station.

From Figure 20, it is seen that the veloolity profiles in Branch II are not
quite symmetric and considerably flatter than those due to Nikuradse (See Figure
22). This is attributed to the assymetry of the flow duots, a relatively short
straight lead in, and flow unbalance in the branches (See Seoction 2). Column 22
of Table 3 indicates that the use of Nikuradse's date leads to a +8 to 7. error.
I% is oonoluded, however, that a further cheok is warranted when the blades are
untethered and design flow rates are being measured.

10,1 Flow Measurement

The proocedure for determining flow at the twin stack measuring stations
(Figure 21) and the nozzle inlets is to -assume a turbulent velosity profile
similar to those of Nikuradse's. Thus, based on the total pressure at the
center of the ducst corresponding to maximum velocity and static pressure
measurements at the wall, the average veloscity can be ascertained once having
integrated Nikuradse's profiles to determine the ratio of average to maximum
velooity es a function of Reynolds number.
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Run 1
No.
Pe.m'b
psfa
1 2117
‘2 2118
3 2118
y 2118
5 2118
6 2118
7 2118
8 2118
9 2118
10 2111
11 211N
12 2109
13 2109
1 2109
15 2108
16 2108
17 2108
18 2108
19 2108
20 2108
21 2108
22 2107
23 2107
2L 2107
25 2107
26 2107
27 2107
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TABLE 3
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J57 ENGINE AND FLOW PARAMETERS

% #/sec

0.750
0.833
1.111
1.278
1.333
1.528
1.9hk

HHEHEHEEE
)

C ?\I.J!J-F'F'WF'-P'F'O\.O\O\FO\\HG\O\(.JJ!-'.O. C F
NDOMO O PWW OOOVNIVIO OOV\VIVIWNMO D

OO VD
NwWwww
=
.
\O
w
[

1310
1370
110
1495
1485
1520
1580
1455
1390
1550
1560
1550
1485
1485
1495
1415
1420

k25

1340
1560
1560
1560
1560
1360

FOR TETHER TEST

10

Toi1

11 12
EFR P%hubI

psfa

3020
3291
3573
3806

4309
4587
4735
Y127

Zaod
RR5

&
8

[CROIVEVINVELVE DINVEN S SRl
> s s o o . )
W N R\
D \NW\O £
AAWN\O VO

4737
4727

4689
Lok
4715
L4748
3526

13

PthubII

psfa

2972
3230
3505
3729

227
k99
4623
4630

4633
Le2h

L4585
4618
4613

3klg
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TABLE 3 (Contd.) 2

T

J57 ENGINE AND FLOW PARAMETERS FOR TETHER TEST ﬁ)

Y

Nikuradse Method Area Integration Leading Edge ?

Run ak 15 16 17 18 19 20 21 22 23 24 25 26 §3
No. Z

Tt'Ifs TtIIfs V1 Iy Viot | ¥ W, w Error | Py Py Ty PR

1 I “tot gJ=18) clmex

SR R | #/sec #/sec #/sec |#/sec #/sec #/sec % psfa psfa °R

1 1025 1064 | 1.21 6.21 7.h2 | 1.b5 6.89 T.94 | 6.5 2716 2676 1018 1.264
2 1115 1160 | 1.28 6.96 8.24 | 1.54 7.28 8.78 | 6.2 2909 2861 1090 1.351
3 1182 1222 | 2.59 7.65 10.24 | 3,07 7.98 11.05 | 7.3 3109 3076 1180 1.bs52
4 1226 1275 | 2.36 8.31 10.67 | 2.80 8.63 11.43 | 6.6 3230 3218 1230 1.519
5 1055 1075 | 3.30 9.5% 12.84 | 3.88 9.90 13.78 | 6.8 3uh9 3372 1060 1.592
6 1061 1078 | 3.07 10.15 13.22 | 3.61 10.62 14.23 | 7.1 3725 3646 1060 1.721
7 1030 107 | 3.96 10.52 14.48 | 3.74 11.86 15.60 | 7.2 3949 3874 1068 1.829
8 1127 1080 | 3.1% 10.81 1213.89 | 3.68 11.25 14.93 | 7.0 4078 3980 1072 1.879
9 1129 1180 | 3.13 11.03 14.16 | 3.69 11.30 14.99 | 5.5 hoB6 3989 1150 " 1.883
10 ) 37h5 1130

11 3306 1125

12 3813 1150

13 1188 1228 3827 1190

14 1228 1278 383 1235

15 3459 1215

16 3487 1180

17 3523 1150

18 3509 1135

19 3537 1180

20 3536 1225

21 3229 1135

22 3225 1170

23 1220 1273

2 1185 1220

25 nks 1175

26 1060 1078

27 1173 1220
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TABLE 3 (Contd.) \:,
S
J57 ENGINE AND FLOW PARAMETERS FOR TETHER TEST =é
Run 27 ea”""‘e';" u”so 31 32 33 3k 35 36 37 38 39 4o
e Prax p? . i H .;;f:s %;ZS:IOO "‘2 wf/"‘a w:ior BZO g N
#/sec| psta  peta R #/nec | #/aec ] #/sec $ % #ee/ PR
1 h.o6] 2783 2136 1018 1.292 L.k2 | 8.8 - 6.8 84,06 0.0089  T6O 0 1.313 53.35
2 h,bh6| 2997 29%0 1095 1.388 L.83 9.29 - 5.3 80.46 o0.0104 655 0 1.367 53.35
3 3.93| 3208 314k 1180 1.48%  5.07T | 9.00  418.6 97.7T+ 0.011% 596 0 1l.361 $3.35
b 5.38]| 3to3 3224 1230 1.569 5.13 | 10,51 ¢ 8.0  103.9% 0.0123 551 0 1.356 53.35
5 6.15| 3563 381 1070 1.644  6.32 | 12,47 - 9.5 103.30 0.0129 525 8.9 1.357T 56.12
6 6.52| 3831  3h0 1065 1.766 6.93 | 13.45 4 5.5  107.22 0.043 W76 8.7 1.35T  55.97
7 6.55] Lo69 3971 1068 1.8T5 T7.36 | 13.91  +10.8  138.00 0.0141  L81 8.7 1.35T 55.97
8 T.49| k198 4093 1068 1.932 7.78 | 15.27 - 2.3 119.45 0.0147 463 9.0 1.357 56.05
9 T.20| 4206 4103 1150 1.937 7.3 | 1L4.63 r 2.4 110.33 0.0156 L3k 8.0 1.351 55.78
10 3672 1128
1 3uh1 1125
2 3955 1150
13 Yook 1193
LY Lo11 1240
15 3622 1215
16 3639 1180
17 3678 1150
18 3636 11%0
19 3657 1180
20 3685 1225
21 3352 1135
22 3352 1170
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Run W11

Cye

0.831
0.93h
0.991
0.972
0.916
0.941
0.966
0.929
0.959

W N -

0 @ = o\t

First Iteration ==

Report 2865«

k2 43
Ce Cu
0.182 0.580
0.607 0.650
0.657 0.663
0.756 0.778
0.772 0.843"
0.853 0.906
o..876 0.907
0.897 0.966

0.918 0.957

c-7 (61-79)
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TABLE 3 (Contd.)

leading Edge
by s
P, R
3632 1.715
3863 1.82L
3960 1.875
3971 1.875

—»Second Iteration

L6

w

6.38
6.41
T.30
T.04

Trailing Edge
L7 L8

2 NPR

3722 1.757
3950 1.865
4067 1.920
Lo8s 1.929

L9

v

6.76
7.19
7.59
7.28

J57 ENGINE AND FLOW PARAMETERS FOR TETHER TEST

50

0.968
0.974
0.950
0.97h

51

0.837
0.868
0.897
0.910
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52

0.865
0.891
0.944
0.934

50




TABLE 3 (Contd.)

HUGHES TOOL COMPARNY @

J57 ENGINE AND FLOW PARAMETERS FOR TETHER TEST

Run 53
No. Cys

1

2

3

L

5

6 0.982
T 0.989
8 0,964
9 0.989
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Bloockage. Correoted Values

sh
Ce

0.877
0.908
0.937
0,950

55

Cy

0.892
0.918
0.971
0.961

51
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Due to the short straight section leading into the astack measuring stations,
additionél total probes are provided to calibrate the profiles against those of
Nikuradse. Also, an evaluation of flow at the nozzle inlet station must be based

on hydraulic diameter since the blade ducts are non-circular and are thus

Z0-0-<-0 4m>203->

different from Nikuradse's.

Nikuradsets velocity profiles for several values of Reynolds number are
glven in Figure 22. Included also on this figure are the radii at which
pressure and temperature measurements are made at the stack measuring stations.
Flgure 23 presents the ratio of average to maximum velocity as a function of
Reynolds number (Reference 1).

The analysis initially assumes the values of gas constant R and ratio of
specific heats ¥ to be 53.35 ft-Ib/IboR and 1.35 respectively. All analysis
dependent vaiues reported herein except those identified in Table 3 and the
nozzle coefficient figures are lst iteration values as it 1s felt that they
are representative and additional iteration is not merited. The nozzle
coefficients show about a 2 to U¥ effect between iterations and therefore both
values are provided for reference, The actual values are dependent on fuel-
air combustion ratio, temperature, and water content. The corrected R and ¥
values are presented in Figures 24 and 25 and necessitate iterative analyses
when they differ appreciebly from the assumed values.

To determine the percentage of water in the primary stream caused by
ambient humidity and cooling water injection, an enthalpy balance across the
engine is made. This enthalpy balance establishes the engine air ingestion
rate while anbient conditions and Figure 26 provide the water percentage due to
humidity. The cooling water injection rates are measured directly to complete

the input requirements (Figure 27).
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A

'

(2

Ignoring compressor and turbine mechanical losses, a cycle enthalpy balance E;
A

across the engine may be written as follows: 1'=-
(=]

Ya, hy + Pg Q ¥ = By Wy (1) Y
1

S

]

(=]

N

The engine air ingestion rate is then

(Mg Q¢ - Byg) Wy (2)

4 -
2 h,7 - h2

The results for each run are presented in Table 3 for which the assumed values

for calculation are

Qf = 18,400 Btu/lb

)?B = 0.96
h, = dry air values (Ref. 7)
h7 = 4007 theoretical air (Cn Hzn) values (Ref. 7)

10.2 Mass Weighted Nozzle Inlet Total Pressure

In order to establish a number of nozzle coefficients, a knowledge of nozzle
inlet total pressure is required. For many cases, the velocity profile entering
the nozzle is sufficiently flat to cause negligible error when using an average
inlet total pressure based on several measurements in the nozzle inlet plane.
For the rotor tip nozzles which are fed by duects having a large length to
diameter ratio, however, the nozzle inlet velocity profile provides quite a
va?igtion in cross section total pressure and necessitates an integration to
determine the nozzle inlet mass welghted totai pressure.

For M=05, the difference between total and static pressure may be gpprox-

imated by
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M2
Pt - P =2 +-4—-)q (3)

or

1 Ty
Pt-Pz[1+ '2(6__17 (-T—'-l)] q .

Reducing the flow ducts to their ocircular cylindrical equivalents, the mass

Z0~-0-<-0 41»2303-»

weighted totel pressure is defined by

,/rw ]rw 1 T‘t V2
= P, d [1+ -— =1 ] Y onra
Py= Jo £ =P+l 2({-1) ('I'r )| g rerv e
r w
f v d ' 2n r dr v p
7 ‘o
which may be approximated by (6 and R assumed constant across the duct),
r
- Z%T [1+ —-H](' ) (;—3 -1)] /wvsrdr
P, =P {14 max § max Jo (6)
&
! v r dr o

~o
where Tma.x is based on Mma.x at the center of the duct. For the present study,
this leads to an estimated -I;t which is less than 0.2] greater than the value
received from an exact integration of Equation (5).

The universal velocity distribution for turbulent flow in smooth circular

tubes is given by Reference 1 as

v =1-0.204 (% )2 - 0.250 (= )°2 (7)
v w rW
max

Substitution of Bquation (7) into (6) and integrating leads to

T v
- 1 t max (8)
P, =P f1+o.4oz [1+T_7' (= -1)] ————
b 2 é‘-l Tm&x g s Tma.x
and for ¥ =1.35, R = 53.354 £t/4°R, and p_ = RPT
max
- T, <
P, =P +0.803 [1 +1.428 (T5 - 1) g, (9)

max
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A
L
R
1l. APPENDIX IJ; DERIVATION OF NOZZLE COEFFICIENTS 3
A
11.1 Effective Velocity Coefficient Lo
D
The effective velocity coefficlent is defined as the ratio of the effective {}
¢
velocity assuming complete expansion to the isentrople fully expanded velocity 'f
s
or,
Fg Ae 2
v, v -
vy = 'EZE = off =f [,cv. + (Po l:'f)] da, (1)
(Ve)iq (ve)1 (ve)yy (Wy/g)
where the symbols are defined in Section 9 and the flow stations are given by
Figure 28. Use of this equation is as follows:
a. Fg’ wg’ Ttd is measured as s function of nozzle pressure ratio
b. The isentropic fully expanded velocity is defined as
2g TtdK R Py Y1
(Vf)fs B ———— 1 -<—F€ 4. ' (2)
¥ -1 d
c. Substitution in Equation (1) results as
. e .
. & (3)
¥-1
Cop = v 2Ttd(R (Pf) 2
—— N
g (X-1) uh
P 1
Note: 1—,—f = —
tq NPR
d, For ¥ = 1.35 and R = 53.35 #t/4°R
0.280 Fg (4)
Coe = 0.259]
vt 'g ‘/Tt [1 -(i) ]
P
d td
65
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?
rR
(=]
[~
A
=
T
D
U
\V4
|
S
[]
(=
N

e. For unchoked conditions, an alternate form of the 1sentropic fully

expanded velocity is convenient. Since (Pf) 18 = (P. )is for

wnchoked conditions
2 2
(vg)yg = X8R Ttd M)y g >
where,
2 P -1
- 2 t R
), ( d) ¥ -1

¥-T |\ 5

Substituting in Equation (1)

F
g g
Cve= s ‘/ ¥R T ° (5)
g e e

Finally, for ¥ =1.35 and R = 53.35 #°t/#°R

0.668 Fg

8 . (6)

v.E w_ M T
g oV e

11.2 Thrust Coefficient

The nozzle thrust coefficient 1s defined as the ratio of actual to ideal

thrust or,
Ae Vo dw
fe S B 4+ (p -P,)da
Cf = Fg = g (7)
F
g)is (Te ' )1
B s

To establish the variables for Equation (7)
a. Measure the theoretical exit area Ae and measure Fg as a function of
nozzle pressure ratio.
b. For choked conditions, the ideal flow rate based on the measured exit

area is
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- _ ¥+ 1
(w)) = (w = P, A _b’_§<1+é/:2_1> 2(¥-1), (8)

g'ls (g):ls - td e Tt R
d

The isentropic velocity for full expansion is

20-0-<-0 4n)>»3030-)>

1/2

Y- 1])1/2
(vp)y, ={28T0, T, l- ( ) 2g’l‘td / ) (9)
. P ’

Hmploying Equations (8) and (9), the isentropic thrust is then

- %1 ¥-1 1/2
g 't -1\ 2(/-1 PoN I (20)
(Fg)is = (-%—)is = PtdAe‘(<l + —2——> ) ?%1‘ 1 - (T) Y

d

For X =1.35, the nozzle thrust coefficient becomes

0.532 Fg
Cp = 5.255 905 (11)
P, A [1-/P
t [] o
a ——
Py
d

Note: Pp = Py .

c. For unchoked conditions, the ideal flow rate for expansion to ambient

conditions is given by

2\ - §+1
(w.)ig= Py A Rl,%- <1+ 7—(5—1 M, ) 2(8-1)- (12)
d

Combining with Equation (9), the ideal thrust is
1/2
Yg 't P, AX[1 + ¥ 1M mX+l 2 T(-l / (13)
. = - 1 ——
(Fs)is -( £ )is- td e( N ) ) _(P ) .

%

and, with Equation (7) for X = 1.35, the nozzle thrust coefficlent

becomes
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0
2 3.357 R
- 0.31L F_( 1+ 0.175 =
<> Cp = * g_( S Mo/1s ] (14) A
F, | 0.2 . L
Pt A, 1-/"2
d Ft (=]
[
d v
11.3 Flow Coefficient s
]
The nozzle flow coefficient ie defined as the actual to ideal flow or, ‘73
. S
c' = g = gpvda (15)
('8)13 ('S):ls
Also,
F
= e
c
t . (FSIiS = _F_g = e . (16)
Coe g g vg) ig
w v
g/g { f)is
(") is
Thus,
c.= Y (a7)
v C—-— 0
vf
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